Lisberger, Stephen G. Postsaccadic enhancement of initiation of cognitive factors (e.g., Kowler 1990). For example, monkey smooth pursuit eye movements in monkeys. J. Neurophysiol. 79: subjects can select between two moving targets based on a 1918-1930, 1998. Step-ramp target motion evokes a characteristic color cue (Ferrera and Lisberger 1995) , whereas human sequence of presaccadic smooth eye movement in the direction of subjects attempt to anticipate the next target motion in a the target ramp, catch-up targets to bring eye position close to the sequence, even under conditions where the next target moposition of the moving target, and postsaccadic eye velocities that tion is unpredictable (Kowler and Steinman 1981).
Studies of monkeys with abnormal pursuit have provided movements in monkeys to reveal a strong postsaccadic enhancefurther evidence that extraretinal influences can cause powment of pursuit eye velocity and to document the conditions that erful modulation of the smooth eye movements evoked by lead to that enhancement. Smooth eye velocity was measured in the last 10 ms before and the first 10 ms after the first saccade a given visual stimulus. Grasse and Lisberger (1992) studied evoked by step-ramp target motion. Plots of eye velocity as a the eye movements of one monkey that appeared to have function of time after the onset of the target ramp revealed that normal processing of upward image motion but difficulty eye velocity at a given time was much higher if measured after initiating pursuit for upward target motion. The normal proversus before the saccade. Postsaccadic enhancement of pursuit cessing of upward image motion was revealed by saccades was recorded consistently when the target stepped 3Њ eccentric on that compensated for upward target motion (e.g., Newsome the horizontal axis and moved upward, downward, or away from et al. 1985) and by normal upward eye acceleration for the position of fixation. To determine whether postsaccadic enupward image motion that was presented during downward hancement of pursuit was invoked by smear of the visual scene target motion. Kiorpes et al. (1996) studied the pursuit eye during a saccade, I recorded the effect of simulated saccades on movements of two monkeys, which, because of early-onset the presaccadic eye velocity for step-ramp target motion. The 3Њ simulated saccade, which consisted of motion of a textured back-strabismus, had nasalward-temporalward asymmetries in the ground at 150Њ/s for 20 ms, failed to cause any enhancement of initiation of pursuit. With monocular viewing, these monpresaccadic eye velocity. By using a strategically selected set of keys could not initiate pursuit strongly for temporalward oblique target steps with horizontal ramp target motion, I found target motion. However, the one monkey that was tested had clear enhancement for saccades in all directions, even those that symmetrical responses when nasalward and temporalward were orthogonal to target motion. When the size of the target step image motions were presented as perturbations of target mowas varied by up to 15Њ along the horizontal meridian, postsaccadic tion during nasalward pursuit. Although both of these exameye velocity did not depend strongly either on the initial target ples demonstrate the important effects of behavioral context position or on whether the target moved toward or away from the and prior instructions on the movements evoked by a given position of fixation. In contrast, earlier studies and data in this sensory stimulus, neither provides a way to quantify or conpaper show that presaccadic eye velocity is much stronger when trol those cognitive variables.
the target is close to the center of the visual field and when the target moves toward versus away from the position of fixation. I One way to approach the diversity of the conditions that suggest that postsaccadic enhancement of pursuit reflects activa-can modulate the pursuit response to a given image motion tion, by saccades, of a switch that regulates the strength of transmis-is to obtain control over the modulatory processes by devising sion through the visual-motor pathways for pursuit. Targets can paradigms in which the response to a given visual stimulus cause strong visual motion signals but still evoke low presaccadic is related consistently to tightly controlled behavioral contineye velocities if they are ineffective at activating the pursuit system. gencies. In one example of this approach, Schwartz and Lisberger (1994) showed that brief perturbations of target motion elicit a much larger response if presented during ongoing I N T R O D U C T I O N pursuit than if presented during fixation. The size of the reSmooth pursuit eye movements result when a moving sponse to a given perturbation is graded as a function of object is selected as a target and the visual signals created ongoing smooth eye velocity. These data suggested that the by its motion are transformed into commands for moving pursuit system can be considered as two separate processes, the eyes smoothly. Much previous research on the neural one for transforming image motion on the retina into commechanisms of pursuit has reduced the system to a visual-mands for smooth eye acceleration and one for controlling motor reflex by presenting experimental animals with a sin-the gain of neural transmission through these visual-motor gle moving target and rewarding them for tracking the tar-pathways. I think of the latter process as a ''switch'' or ''volget's motion. However, there is now abundant evidence that ume control'' that determines whether the visual-motor pathways are on or off and how strongly they are on. pursuit is subject to modulation by many attentional and the appearance of the tracking target, so that the monkey would
In the present study, I demonstrate another variable that not be punished for the inherent reaction times in his saccadic and consistently affects the eye velocity evoked by a given visual smooth pursuit eye movements. The fixation interval at the end of stimulus. I show that pursuit eye velocity is enhanced each trial motivated the monkeys to track throughout target motion strongly immediately after a saccade that points the fovea even when it was difficult for them to do so. Trials were presented at the target of pursuit. In contrast to the postsaccadic en-in a random order. If a trial was not completed successfully the hancement seen in other kinds of smooth eye movements, first time, it was placed at the end of the list and repeated after the such as ocular following (Kawano and Miles 1986) and other trials had been attempted. When the monkey had completed disparity vergence (Busettini et al. 1996) , the enhancement each trial successfully, the list was reshuffled and presented again. in pursuit is caused by the saccade itself and not by the rapid This strategy ensured that I obtained the same number of repetitions of each target motion, while keeping the monkey unaware of which slewing of the retinal image during the saccade. I propose target motion would occur next. In general, the monkeys waltzed that postsaccadic enhancement of pursuit is an example of through each experiment, completing ú95% of trials successfully the extraretinal control of the gain of the pursuit system and the first time.
that it is one of several mechanisms for ensuring that pursuit Data were acquired during the experiment and saved on comis fully activated whenever the images from a chosen target puter disk for subsequent analysis. I digitized voltages proportional are about to be on the fovea.
to horizontal and vertical eye position and velocity at sampling rates of 1 kHz per channel. In almost all experiments and for all the data in Figs. 2-11, eye velocity was provided by an analog
circuit that differentiated eye position with a band-pass of DC to 25 Hz. Horizontal and vertical target position were reconstructed Eye movements were recorded in three rhesus monkeys that had after the experiment from the same set of instructions that had been trained to fixate and track small targets presented on screens in been used to create commands for target motion during the experifront of them. Using methods that have been described elsewhere, ment. For data analysis, I viewed each trial on the screen of a monkeys were implanted with hardware for head restraint and an UNIX work station and moved a mouse-controlled cursor along eye coil for monitoring eye movement (e.g., Judge et al. 1980;  the eye position traces to point out the start of the first saccade Lisberger and Westbrook 1985). For daily experiments, monkeys and determine if it occurred between 100 and 300 ms after the were placed in specially designed primate chairs and transported appearance of the tracking target. Except when the target had to the laboratory where they received water or juice reinforcement moved toward the position of fixation, trials were excluded from for tracking the targets accurately. Experiments lasted 2-3 h, after further analysis if the first saccade occurred either before or after which monkeys were returned to their home cages. All methods this interval. Note that the delay between the appearance of the had received prior approval from the Institutional Animal Care and tracking target and the onset of the target ramp ranged from 0 to Use Committee at the University of California, San Francisco.
150 ms, so that this criterion allows for saccades that start as early Visual stimuli were presented either on an oscilloscope or on a as 50 ms before or as late as 300 ms after the onset of ramp target tangent screen. The oscilloscope (Hewlett Packard, model 1304A) motion. Because the criterion latency applies to the start of the was driven by the outputs from a digital signal processing board saccade, postsaccadic measurements could be made as late as 360 in a Pentium PC computer. Oscilloscope targets consisted of 0.4Њ ms after the onset of ramp target motion. For each trial that had squares that were repainted on the screen at a temporal interval of been accepted for analysis, I used the cursor to point out the begin-4 ms. The oscilloscope was placed 40 cm from the monkey's eyes ning and end of the rapid deflection of eye velocity associated with and subtended 32 1 26Њ of visual angle. The tangent screen was the first saccade. The computer then measured the mean eye veloc-114 cm from the monkey's eyes and subtended 46 1 37Њ of visual ity in the last 10 ms before and the first 10 ms after this deflection, angle. Its targets and backgrounds were created on an optical bench as well as the times of these measurements. and reflected off x-y pairs of mirror galvanometers (General ScanAs illustrated in Fig. 1 , the use of the differentiator with a bandning, CCX-660) onto the back of the screen. The inputs for the pass of DC to 25 Hz has the disadvantage that the rapid deflections mirror galvanometers were provided by the digital-to-analog outof eye velocity outlast the saccades that caused them. As a result, puts from a Pentium PC computer. Visual stimuli consisted of a our measurements of postsaccadic smooth eye velocity were made 0.1Њ red circular fixation spot, a 0.5Њ white circular tracking target, in the interval that started 30 ms after the end of the actual saccade and a 28 1 20Њ random dot pattern that served as a moveable (Fig. 1, upward arrows) . To determine whether this introduced a background. For both visual stimulation configurations, the expericonsistent bias in our data, I repeated the basic experiment on one mental room was dimly illuminated with incandescent lamps. The monkey using eye velocity records from a differentiator with a fixation spot, tracking target, and random dot pattern had lumiband-pass of DC to 100 Hz. Figure 1A compares the eye velocity nances of 0.2, 6.6, and 3.5 cd/m 2 . resulting from these two differentiators for a single trial in which Experiments were presented as a series of individual trials, each the target stepped 3Њ to the right and then ramped without further of which had a duration of Ç2.5 -3 s. Each trial began with the delay to the right at 20Њ/s. The trace obtained with the 100 Hz monkey fixating a stationary point at straight-ahead gaze. After a differentiator has more high-frequency noise, but otherwise shows random-duration interval of 1,220-1,740 ms, the fixation point the same features as that obtained with the 25 Hz differentiator. disappeared and a second tracking target appeared at an eccentric Presaccadic eye velocity is low and postsaccadic eye velocity is location. The second target began to move upward, rightward, high. As expected, the rapid deflection of eye velocity caused by downward, or leftward at 20Њ/s either immediately or after delays the saccade outlasts the end of the saccade (vertical dashed line) of 50, 100, or 150 ms. In some experiments, the background texture in both traces, but by a longer time with the 25-Hz differentiator. appeared at the same time as the fixation point and either remained In this example, the eye velocity measured from the 100 Hz differstationary or underwent a simulated 3Њ saccade (150Њ/s for 20 ms) entiator immediately after the vertical dashed line would have been that ended 0, 50, 100, or 150 ms after the tracking target underwent higher, and not lower, than that measured from the 25-Hz eye step-ramp motion. Each trial ended by having the target step 1Њ in velocity records at the time indicated by the arrow. Measurements the direction of motion and stop for 600 ms. The monkey was made from the two differentiators at any time after the upward rewarded with a drop of juice or water at the end of the trial if he arrow would have been very similar. had kept eye position within 2-3Њ of target position throughout the trial. Fixation requirements were suspended for 400 ms after
To further analyze possible artifacts incorporated by the 100- To demonstrate postsaccadic enhancement of smooth the same if measured at the same time. Given the inevitable noise pursuit eye movements, it is necessary to show that the eye on our eye movement recordings and the uncertainty about the velocity at a given time after the onset of target motion actual end of a saccade that occurs during pursuit, I conclude that depends on whether the measurement was made before or my measurements of eye velocity, although imperfect, provide a after the first saccade to the target. Figure 2A shows a valid estimate of the smooth pursuit eye velocity in the immediate typical example of the eye velocity induced by a step-ramp wake of a saccade.
target motion in which the step was 3Њ to the right and the ramp was rightward at 20Њ / s. There was relatively little R E S U L T S presaccadic eye acceleration and the saccade occurred quite early, Ç140 ms after the onset of target motion. However, I present three sets of experiments that used different combinations of target steps and ramps. First, I demonstrate the the immediate postsaccadic smooth eye velocity was close to the target velocity of 20Њ / s. Figure 2C shows a second existence of postsaccadic enhancement of pursuit when the target steps 3Њ eccentric on the horizontal axis and ramps example of the eye velocity induced by the same step-ramp target motion that was used to obtain the response in saccade latencies were long ( Fig. 2C , solid line ) or short the pursuit system to the image motion present before the saccade. In the present paper, I ask why postsaccadic eye ( Fig. 2C , dashed line ) suggests that the eye velocity at a given time after the onset of target motion indeed depends velocities are so much higher than presaccadic eye velocities.
Instead of relying on the natural variation in saccade on whether the measurement is made before or after the first saccade has intervened. For this pair of responses, the latency to yield chance observations like the one in One way to explain the large increment in eye velocity 3Њ step of target position, but the 20Њ / s ramp either occurred immediately after the step ( trace labeled 0 ms ) or was during the saccade is to assume that a rapid smooth eye acceleration was obscured by the saccade. In Fig. 2A , for delayed by 50, 100, or 150 ms ( delays of 200 ms also were used but are not illustrated here ) . In the first version of the example, the eye velocity increased from 4.96Њ / s just before the saccade to 22.88Њ / s at the end of the saccade, 55 experiment, reported in Fig. 2 -5, the target step was 3Њ rightward or leftward but the ramp target motion could be ms later. This implies that there would have been a smooth eye acceleration of 326Њ /s 2 if the saccade had not occurred. rightward, leftward, upward, or downward. To analyze the data, I measured the eye velocity in the last 10 ms before During the same 55-ms interval, the same monkey showed an average eye acceleration of 123Њ /s 2 for targets that and the first 10 ms after the rapid deflection caused by the first saccade. I then plotted eye velocity as a function of started 3Њ eccentric and moved toward the position of fixation, i.e., for the most effective configuration for the presac-the interval between the time of the measurement and the onset of the ramp target motion. This yielded graphs like cadic initiation of pursuit. This suggests that it is incorrect to think of the large increment in eye velocity during sac-those in Fig. 3 , where each point shows measurements made at one time from one trial and the open and filled symbols cades as a normal smooth eye acceleration and, instead, it seems likely a preexisting command for pursuit is revealed plot measurements made before and after the first saccade, respectively. In these graphs, each measurement of eye in the immediate wake of a saccade.
The large increment in eye velocity immediately after the velocity is plotted as a function of the latency between the onset of ramp target motion and the time the measurement saccade has been noticed by other investigators, including Robinson (1965) and Newsome et al. (1985) , who used was made. Recall that I analyzed trials in which the first saccades occurred 100 -300 ms after the appearance of the postsaccadic eye velocities as a measure of the strength of pursuit to quantify the effects of lesions of the middle tempo-tracking target and that the onset of ramp target motion was between 0 and 200 ms after the appearance of the ral (MT) visual area. The latter authors did not question why eye velocity was so much larger after the saccade but pointed target. If, for example, the saccade occurred 150 ms after the appearance of the target and the ramp of target motion out that the smooth eye velocity immediately after the first saccade was a valid probe of the visual motion processing began 100 ms after the appearance of the target, then I would have obtained a presaccadic measurement of eye for pursuit because it was part of the open-loop response of velocity 50 ms after the onset of target motion. This datum mean of 3.08 { 1.54 (SD) and a median of 2.68. Thus the fits shown in Fig. 3 , A and B, are representative of the fits would plot at 50 ms in Fig. 3 .
Inspection of the two graphs in Fig. 3 shows that at any I obtained for all experiments.
In subsequent graphs, I will use the value of the smooth given time after the onset of target motion, the eye velocity was consistently higher if measured after (filled symbols) curve 200 ms after the onset of target motion to quantify the magnitude of pre-or postsaccadic eye velocity for a rather than before (open symbols) the first saccade. The different symbols show how the delay between the target given condition. I elected to measure eye velocity at this time because the resulting values could be compared directly step and ramp helped to fill out the time course of pre-and postsaccadic eye velocity. When there was no delay between with previous work on the initiation of pursuit eye movements. These earlier studies typically have measured eye the target step and ramp, the postsaccadic measurements (filled square) were made after the presaccadic measure-velocity 100 ms after the onset of pursuit or eye acceleration in the first 100 ms of pursuit. Because the onset of pursuit ments (open square), precluding direct comparison. However, when there was a 50-ms delay between the target step occurs Ç100 ms after the onset of ramp target motion, values obtained 100 ms after the onset of pursuit map very easily and ramp, the postsaccadic measurements (filled triangle) were made at about the same time relative to the onset of onto measurements of eye velocity made 200 ms after the onset of target motion. This said, the exact time of the mearamp target motion as were the presaccadic measurements for zero delay (open square). Direct comparison reveals surement doesn't affect the main comparison that I will be making, which is the ratio of post-to presaccadic eye velocmuch higher eye velocities for post-than presaccadic eye velocity measured at the same time.
ity at a given time. Because of the way the fitting procedure was constrained, the only difference between the pre-and To describe these data, I fitted the pre-and postsaccadic measurements with the equation postsaccadic curves is the amplitude. Thus the ratio of postto presaccadic eye velocity will be the same at all times.
Our use of the values of the fitted curves 200 ms after the onset of target motion to summarize our results raises where t is time since the onset of target motion, E(t) is eye velocity at time t, and a, b, c, and d are free parameters. I an important question about the fits. Inspection of Fig. 3, A and B, reveals that the times of measurements for postsacfitted the data under the constraint that the same values of a, b, and c were used for both the pre-and postsaccadic fits, but cadic eye velocity are invariably longer than those for presaccadic eye velocity and that it was not unusual for all each fit could have different values of d. Thus I enforced the same time course of the fit for the pre-and postsaccadic data saccades to have latencies õ200 ms. To verify that it was valid to compare curves based on data over different time but allowed different amplitudes. Examples of the quality of fit are shown by the smooth curves in Fig. 3, A and B. intervals and that the absence of presaccadic data 200 ms after the onset of target motion wasn't a problem, I re-did I assessed how well the data were fitted by the curves by computing the summed squared deviation of the actual all the curve fits with the restriction that postsaccadic data were included in the fits only for times up to the maximum velocities from the curves and dividing by the number of points. For Fig. 3, A and B, this normalized squared error time in the presaccadic data. The resulting amplitudes of the pre-and postsaccadic curves were nearly identical to those was 3.84 and 2.70. For all other curves shown in this paper, the normalized squared error is given in the figure legend. obtained with the full data set. Comparison by regression analysis revealed a correlation coefficient of 0.996 and a For all 102 curves fitted to the data for this paper, the value of normalized squared error ranged from 0.97 to 7.5 with a slope of 1.009. initial target step arranged for the moving target to cross the position of fixation after Ç100 ms. Since then I have relied heavily on this configuration of the step-ramp stimulus to probe the visual motion processing for pursuit eye movements. My discovery of postsaccadic enhancement of pursuit raises the question of the relationship between the eye velocities evoked before the first saccade for target motion toward the position of fixation and those measured after the first saccade for target motion away from the position of fixation. Figure 5 shows this comparison for two directions of pursuit in each of my three monkeys. In each panel, the solid trace plots average eye velocity as a function of time after the onset of motion for targets that stepped 3Њ eccentric and ramped without delay toward the position of fixation. Trials were included in these averages only if the saccade was delayed beyond the end of the average, as it usually is when the target moves toward the position of fixation from 3Њ eccentric. The points plot postsaccadic eye velocity for targets that started 3Њ eccentric and moved away from the position of fixation. In four of the six cases (Fig. 5 , B and D-F) there was excellent agreement between the points and the traces, and in one case (C), the disagreement was in the latency rather than the initial eye velocity of pursuit. I conclude that presaccadic pursuit is fully or almost fully enhanced when the target moves toward the position of fixation from 3Њ motor act of the saccades themselves. I conducted experiments in the presence of a background that consisted of a Figure 4 plots the value of the curve fitted to the presac-random dot pattern, and I arranged for the background either cadic eye velocity 200 ms after the onset of target motion to remain stationary or to undergo a simulated saccade that as a function of that for the postsaccadic eye velocity. All ended 0, 50, 100, or 150 ms after the onset of step-ramp the points plot below the line of slope one (dashed line), target motion (Fig. 6 ). This selection of delay times correindicating that postsaccadic eye velocity at this time was sponded to simulated saccades that ended Ç150, 100, 50, always substantially larger than presaccadic eye velocity. or 0 ms before the first saccade evoked by step-ramp target The postsaccadic enhancement of pursuit was present motion consisting of a 3Њ step and 20Њ/s ramp in the same whether the background was a homogenous gray screen direction. The simulated saccade consisted of a 20-ms ramp (open circle and filled triangle) or a high-contrast random of background position that had an amplitude of 3Њ and dot pattern (open diamond). Postsaccadic eye velocity was therefore a velocity of 150Њ/s. Figure 7A shows that the distributed over about the same range whether the target postsaccadic enhancement was very similar in the presence ramped horizontally away from the position of fixation (open of a stationary background as it had been in the experiments symbols) or vertically from initial positions that were 3Њ illustrated in Fig. 3 . Figure 7B shows that postsaccadic enrightward or leftward (filled triangle). Thus at least for this hancement still was present when the background executed constrained set of initial positions and directions of target a simulated saccade. In trials that contained a simulated motion, the enhanced performance of the pursuit system saccade, I wanted to determine whether background motion did not depend on the axis of target motion. However, the enhanced presaccadic pursuit. Therefore it was not necessary presaccadic eye velocity sometimes was larger when the to insert a delay between the step and ramp of target motion, target moved vertically, indicating that the presaccadic pur-and neither the pre-nor the postsaccadic measurements suit was stronger under this condition than when the target shown in Fig. 7B were made over the full range of times moved directly away from the position of fixation.
after the onset of target motion. If the simulated saccade caused enhancement of smooth Lisberger and Westbrook (1985) showed that the initiation of pursuit included large presaccadic eye velocities when the eye velocity, then the enhancement should be visible in plots of presaccadic eye velocity as a function of the time between would be orthogonal to the direction of target motion. In different trials, the initial step of target position took the the end of the simulated saccade and the measurement of eye velocity. Enhancement would cause presaccadic eye ve-spot 6Њ above or below the horizontal meridian and 3, 3.75, or 4.5Њ right or left. After the initial target step, there was a locity to show a peak sometime after the end of the simulated saccade and then decay back to the values of eye velocity delay of 0, 50, 100, or 150 ms before the target ramped to the right or left at 20Њ/s. When the target moved toward the recorded in the absence of a simulated saccade. No such peak appears in Fig. 7 , C-F, which plots the results for two vertical meridian from horizontal positions of 3, 3.75, or 4.5Њ, a pure vertical saccade would be required if saccade directions of target motion in two of our monkeys. Identical data were obtained in a third monkey. Thus I found no latency were 150, 187.5, or 225 ms. Thus this experiment evidence that pursuit was enhanced at any time in the wake is designed to take advantage of the natural variation in of the visual stimulation caused by the saccadic motion of saccade latency to obtain examples where the saccade was the background without a real saccade.
vertical and the smooth target motion was horizontal, toward the vertical meridian. Figure 8A plots presaccadic (open square) and postsacsaccade is orthogonal to direction of target motion cadic (filled square) eye velocity as a function of the time I used the experiment diagrammed in Fig. 8B to contrive from the onset of ramp target motion to the time of the circumstances under which the direction of the saccade measurement when the target started at 6Њ up and 3.75Њ left and moved to the right at 20Њ/s. This graph is almost identical to those in earlier figures and shows that there was clearly postsaccadic enhancement of horizontal smooth pursuit, even though the average saccade for this combination of step and ramp was almost purely vertical. For the trials that had no delay between the target step and ramp (squares), the horizontal saccade components averaged 00.13 { 0.7Њ and the vertical saccade components averaged 5.7 { 0.5Њ.
Postsaccadic enhancement of pursuit is preserved when
Quantitative analysis of the data from two monkeys demonstrated that postsaccadic enhancement of horizontal pursuit was largely independent of the average direction of the enhancing saccade. For each of the target steps and ramp directions illustrated in Fig. 8B, I fitted Eq. 1 to the values of pre-and postsaccadic eye velocity evoked by trials that contained different delays between the target step and the onset of the target ramp. I then evaluated each curve to obtain the value of pre-and postsaccadic eye velocity 200 ms after the onset of the ramp target motion. I also computed FIG . 6. Four background motions used to present simulated saccades. the average direction of the saccades evoked in the trials In all cases, there was 0 delay between the target step and ramp, but the that had no delay between the target step and ramp. (top left in D) . All data were taken from trials in which the delay between the target step and ramp was 0 or 50 ms. The solid curves show average fits of Eq. 1 to the graphs of postsaccadic eye velocity vs. latency from the onset of target motion for all initial positions that contributed data points to the graph. The dashed curves show same average fit for presaccadic eye velocity. Zero eye velocity is marked with horizontal dashed line.
the average direction of the first saccade, although it was Inspection of the four graphs in Fig. 9 shows that points for presaccadic eye velocity were grouped around the funchigher for rightward target motion (points connected by dashed lines) than for leftward target motion (points con-tion for presaccadic eye velocity and were clearly below the function for postsaccadic eye velocity. The points for nected by solid lines) at least in one of the monkeys. In contrast, presaccadic eye velocity open arrows was consis-postsaccadic eye velocity were grouped around the average function for postsaccadic eye velocity and clearly above the tently larger when the target moved toward the vertical meridian (vertical dashed lines) and the saccade was nearly function for presaccadic eye velocity. In Fig. 9, A, B, and D, however, the cluster of postsaccadic eye velocities is orthogonal to the direction of target motion. I take this as evidence that postsaccadic enhancement was independent of centered below the average function. Thus these data fall short of proving that postsaccadic enhancement of smooth the relative directions of the saccade and the target motion. There was less need for postsaccadic enhancement to bring pursuit is as strong when the saccade is orthogonal to the direction of target motion as it is when the saccade is in the eye velocity up to target velocity (i.e., presaccadic eye velocity was higher) when the saccades were orthogonal to the direction of target motion. However, they show that postsaccadic enhancement of pursuit is preserved for all directions direction of target motion.
It is possible that the apparent preservation of postsaccadic of saccades. enhancement for all directions of saccades in Fig. 8, C and D, results from the fact that most of the saccades in each Effect of initial target position on pre-and postsaccadic average had small deviations from vertical, even though the pursuit average saccades were almost perfectly vertical in some cases. To verify that postsaccadic enhancement was pre- Lisberger and Westbrook (1985) showed that the initial eye acceleration of presaccadic pursuit depended strongly served even in individual trials, I sorted the data according to the difference between the direction of the saccade and on the size of the step in a step-ramp target motion. Eye acceleration was larger for small steps than for large steps pure upward or downward. In Fig. 9 , I plotted the presaccadic (crosses) and postsaccadic (open and filled symbols) and there was a toward-away asymmetry such that target motion toward the position of fixation elicited much larger eye velocity from individual trials, where different symbols indicate whether the direction of the saccade was within 0-eye acceleration than did target motion away from the position of the fixation. In this section, I ask whether the same 1Њ (open circle), 1-2Њ (filled circle), 2-3Њ (open triangle), or 3-4Њ (filled triangle) of vertical. In each graph, I also relationships appear in the enhanced postsaccadic eye velocities. plotted the average of the curves obtained by fitting Eq. 1 to the full data sets for presaccadic (dashed line) or postsac-
The design of these experiments was the same as that illustrated in Fig. 2C . For each combination of target step cadic (solid line) eye velocity, for rightward or leftward target motion.
and ramp, different trials included delays of 0, 50, 100, or 150 ms between the target step and the onset of the target number to quantify each response by evaluating the fit 200 ms after the onset of target motion. ramp. Target steps varied in 3Њ increments from 15Њ left to 15Њ right and target ramps were either rightward or leftward Figure 11 , A-C, shows that the presaccadic eye velocity in our experiments depended on initial target position in at 20Њ/s. As before, I measured the eye velocity immediately before and after the first saccade for each trial and plotted exactly the same way that Lisberger and Westbrook (1985) had reported. When the analysis was done in the way depre-and postsaccadic eye velocity as a function of the time from the onset of ramp target motion to the time of the scribed here, on trials that included early saccades (large open arrows), presaccadic eye velocity was largest when measurement. For target motion toward the position of fixation, I included data for all initial positions. For target motion the target started close to the position of fixation. Presaccadic eye velocity declined as a function of increasingly eccentric away from the position of fixation, however, I excluded data obtained with initial positions of 12 or 15Њ. For these initial initial positions. There also was a clear toward-away asymmetry. At any given initial position, presaccadic eye velocity positions, the target moved for only 100-300 ms before it had to be stopped because it had reached the edge of the was substantially larger for target motion toward versus away from the position of fixation. When the analysis was oscilloscope screen. The short duration of motion, the prospect that the target would be stationary by the end of the done by measuring presaccadic eye velocity 200 ms after the onset of target motion from trials in which saccades were first saccade, and the likelihood that these facts would not escape the monkey's attention made it difficult to ensure that delayed more than 300 ms after the onset of ramp target motion, I obtained almost identical results (Fig. 11 , A-C, the monkey was trying to generate smooth eye movements. Figure 10 shows a family of graphs that illustrate the small open arrows). Saccades were delayed long enough to allow measurement of presaccadic eye velocity, however, effect of initial target position on the time course of presaccadic (cross) and postsaccadic (square) eye velocity for only for target motion toward the position of fixation. Figure 11 , D-F, demonstrates that postsaccadic eye verightward target motion at 20Њ/s in one monkey. For each initial target position, the postsaccadic eye velocity was large locity evinced little or no relationship to initial target position. Comparison of the two data points at each initial target and was fitted by curves that reach asymptotic values in excess of 15Њ/s for almost all initial positions. As I had position reveals a few examples where postsaccadic eye velocity is larger for target motion toward versus away from reported before (Lisberger and Westbrook 1985) , presaccadic eye velocity varied as a function of initial target posi-the position of fixation. However, there is no convincing evidence of the pervasive toward-away asymmetry that has tion. It was essentially the same as postsaccadic eye velocity when the target stepped 3 or 6Њ to the left and ramped at been omnipresent in studies of presaccadic pursuit. 20Њ/s to the right, but it declined as a function of initial hancement can be seen most easily when the target motion small when the monkey is fixating and grows as a function takes the target away from the position of fixation because of ongoing target velocity. presaccadic pursuit is especially weak under these condiAdditional evidence for a pursuit switch is provided by tions. However, postsaccadic enhancement of pursuit occurs two examples of deficits in smooth pursuit tracking without when the saccade is in the same or the opposite direction deficits in motion processing. In one example, I reported the from target motion and even when the direction of the sac-pursuit eye movements of a monkey that had very weak cade is orthogonal to the direction of the enhanced pursuit. initiation of pursuit for upward target motion but that could This makes it difficult to explain postsaccadic enhancement respond normally to upward image motion if it was presented of pursuit as a mechanical effect mediated in the orbit. Unlike during downward target motion and that also could generate other forms of postsaccadic enhancement of smooth eye brisk upward smooth eye movements when the moving stimmovements (e.g., Busettini et al. 1996 ; Kawano and Miles ulus was a large texture (Grasse and Lisberger 1992) . In 1986), postsaccadic enhancement of pursuit is provoked by the second example, monkeys with early-onset artificial strathe execution of the saccade per se and not by the rapid bismus have very weak initiation of pursuit for temporally motion of retinal images during the saccade. Thus it seems directed target motion with monocular viewing, but they likely to be mediated by a nonvisual input to the visual-respond normally to temporally directed image motion durmotor pathways for pursuit, presumably from motor signals ing nasally directed pursuit (Kiorpes et al. 1996) . In both related to the planning or execution of a saccade. of these cases, the interpretation was that these animals had normal visual motion processing in all directions but could not turn on the pursuit switch for selected directions. In What is postsaccadic enhancement of pursuit? the latter example, normal visual motion processing was confirmed by single unit recordings showing a normal distri-I think that postsaccadic enhancement of the initiation of bution of preferred velocities and directions among units in pursuit is related closely to a pursuit ''switch'' that seems visual area MT, even with monocular viewing. to regulate the gain of visuo-motor processing for pursuit Previous experiments have revealed the paradox that tarand that must be ''on'' to allow effective tracking. Two of get motion away from the position of fixation is a very poor our prior studies provide the most compelling evidence in stimulus for presaccadic pursuit but that eye velocity can be favor of a pursuit switch. Goldreich et al. (1992) showed close to target velocity immediately after the saccade. It that the gain of smooth eye velocity for high-frequency target generally has been assumed that the smooth eye movements vibration is much higher if the vibration is imposed while a immediately after a saccade velocity must be driven by vimonkey is tracking a moving target than if it is imposed sual inputs that were present before the saccade (e.g., Groh while the monkey is fixating a stationary target. Schwartz et al. 1997; Newsome et al. 1985) . If, as seems inescapable, and Lisberger (1994) showed that the size of the pursuit this assumption is true, then why are the same visual inputs response to a brief perturbation of target velocity depends on the conditions at the time of the perturbation. The response is rather ineffective before the saccade? I propose the following resolution of this paradox. Target motion away from the that could be expressed by uniformly large eye velocities after a saccade to the target had fully activated the pursuit position of fixation provides strong visual motion inputs but is a poor stimulus for activation of the pursuit switch and a switch. Thus in contrast to the interpretation of Lisberger and Westbrook (1985) , the relationship between presaccadic strong stimulus for saccades. As a result, there is an early saccade and presaccadic pursuit is weak in spite of the pres-eye velocity and initial target position need not reflect anything about the relative strength of visual motion signals ence of a strong visual motion signal. For this configuration of target motion, the pursuit switch is activated not by target from different parts of the visual field. I also suggest that the pronounced toward-away asymmetry in the initiation of motion but rather by signals related to the planning or execution of the saccade to the moving target.
pursuit cannot be attributed to a toward-away bias in the inputs to the visual-motor pathways that guide pursuit. Instead, it appears that targets moving away from the position Two parallel processes in the initiation of pursuit of fixation are simply ineffective at activating the pursuit switch. In future research, it will be important to ascertain The hypothesis of a pursuit switch implies that there are two separate processes that operate in parallel during the whether a given stimulus causes weak presaccadic pursuit because it provides weak visual motion signals or because initiation of pursuit. It is plausible to assume that these two processes could have dissimilar motion processing and that it is not suitable for activating the pursuit switch even in the presence of strong visual motion signals. they might be implemented in different neural pathways. One process involves sensing visual motion and computing the correct eye acceleration to bring eye velocity up to target Postsaccadic enhancement as one way the brain selects velocity. The second process also senses visual motion but pursuit targets instead decides whether the pursuit switch should be activated and if so, how strongly. One can think of the pursuit One of the major defining features of pursuit eye movements is that they are generated by a voluntary motor system. switch as a volume control that is potentially under the control of a number of different neural processes. Even very The pursuit system can track in the absence of target motion if target motion is anticipated (Kowler and Steinman 1981) . strong image motion does not cause large velocities of smooth eye movement if the pursuit switch has not been Even if a moving target is present, the pursuit system need not elect to track it. If two targets are present, the pursuit activated. However, neural signals related to saccades or the decision to makes a saccade seem to have immediate access system can choose between them. In two previous papers, for example, Ferrera and Lisberger (1995, 1997) have demto the pursuit switch and to be able to turn it on fully and quickly.
onstrated that monkeys can be trained to select one of two moving targets based on a colored cue. The demonstration that postsaccadic enhancement largely obviates the effects of initial target position on the presac-I now propose that the decision to make a saccadic eye movement to a target provides a powerful way to tap into cadic initiation of pursuit may require some revision of the interpretations based on analysis of presaccadic pursuit. For the ability of the pursuit system to select targets. Based on the data in the present paper, it is plausible to think that the example, Lisberger and Westbrook (1985) assumed that presaccadic pursuit was a probe for the motion processing in pursuit system gets activated by any target whose images are soon going to be placed on the fovea. By this criterion, the visuo-motor pathways that guide pursuit. They argued that the weak initiation of pursuit for eccentric targets re-targets moving toward the position of fixation from°6Њ eccentric and targets that are about to be the target of the flected a paucity of inputs from eccentric parts of the visual field to the pursuit system. Our data on the effect of initial saccade are both excellent stimuli for activating the pursuit switch. Under natural conditions, a tight connection between target position on presaccadic smooth eye velocity agree with those of Lisberger and Westbrook (1985) . If we con-the decision to make a saccadic eye movement and the selection of a pursuit target seems like an excellent design princisider postsaccadic eye velocity, however, then motion across eccentric visual field (°15Њ) has almost as strong an effect ple. One major advantage of this approach is that the neural circuits for selecting from multiple targets need not be creon the initiation of pursuit as does motion across central visual field. It is not possible to explain the uniformly large ated separately for both saccades and pursuit. If these selection circuits decide that a target will be acquired by a sacpostsaccadic smooth eye velocities as consequences of the closed-loop, negative-feedback architecture of the pursuit cade, then the motion signals from that target automatically acquire large weights as stimuli for pursuit. system. As Newsome et al. (1985) pointed out, the immediate postsaccadic smooth eye velocity must result from visual A linkage between the selection of a target for pursuit and saccades could be implemented in two ways. Either a inputs that were present before the saccade. Further, our curve fits are based heavily on data that were obtained within single set of decision circuits could control saccades and pursuit in parallel or the decision circuits could select the 200 ms of the onset of target motion and, therefore, within the traditional ''open-loop'' interval in the initiation of pur-target for a saccade and then rely on the motor signals from the saccade to select a pursuit target. My data don't distinsuit (Lisberger and Westbrook 1985) .
To account for the strong effect of initial target position guish between these two possibilities. However, we can learn something about the frame of reference of the target selection on pre-saccadic eye velocity at the initiation of pursuit, I propose that the initial position of the moving target is an mechanism for pursuit from the fact that postsaccadic enhancement occurs even when pursuit is orthogonal to the important factor in the control of the pursuit switch. If this were the case, then targets moving across different positions direction of the enhancing saccade. Specifically, it seems that the selection of a target for a saccade focuses the attention of in the visual field could cause equally strong visual response
